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RNA-directed transcriptional gene silencing in plants can be
inherited independently of the RNA trigger and requires Met1
for maintenance
Louise Jones, Frank Ratcliff* and David C. Baulcombe
Background: The association between DNA methylation and gene silencing Address: Sainsbury Laboratory, John Innes
Centre, Colney Lane, Norwich, NR4 7UH, UK.has long been recognized; however, signals that initiate de novo
methylation are largely unknown. In plants, recognition of RNAs that are
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sequence-specific DNA methylation, and the aim of this work was to
investigate whether heritable epigenetic changes can occur by this *Present address: Syngenta Wheat Improvement
mechanism and if the Met1 methyltransferase is required. Centre, John Innes Centre, Colney Lane,
Norwich, NR4 7UH, UK.
Results: RNA-directed DNA methylation (RdDM) was initiated in 35S-GFP
Received: 1 March 2001transgenic plants following infection with plant RNA viruses modified to
Revised: 9 April 2001carry portions of either the 35S promoter or the GFP coding region. Targeting
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of the promoter sequence resulted in both methylation and transcriptional
gene silencing (TGS) that was inherited independently of the RNA trigger. Published: 15 May 2001
Targeting the coding region also resulted in methylation; however, this was
not inherited. Expression of Met1 was suppressed in order to investigate Current Biology 2001, 11:747–757
its role in initiation and maintenance of RdDM. Initiation of RdDM was
0960-9822/01/$ – see front matterfound to be Met1-independent, whereas maintenance of methylation and
Ó 2001 Elsevier Science Ltd. All rights reserved.TGS in the subsequent generations in the absence of the RNA trigger
was Met1-dependent. Maintenance of methylation associated with systemic
PTGS was also found to be Met1-independent.
Conclusions: RNA-triggered events can lead to heritable changes in gene
expression, and it is possible that initiation of other epigenetic phenomena
such as trans-silencing and paramutation may have an RNA component.
Background dsRNAs that are complementary to promoter regions. In
Double-stranded (ds) RNA is a potent trigger of an RNA the first example, Mette et al. [18] showed that nopaline
surveillance mechanism operating in a range of organisms synthase (nos) promoter-driven reporter genes could be
[1–6]. This mechanism recognizes dsRNAs and processes trans-silenced by a transgene producing double-stranded
them into small 21–25 nt RNAs [7–9] that are incorporated nos promoter RNA. In an example from our laboratory,
into an RNase complex [10]. The RNase complex can then an RNA virus carrying a fragment of the 35S promoter
target homologous RNAs for degradation. A second RNA- was used to silence 35S-GFP transgenes [15]. In both
mediated, sequence-specific response has been identified systems, it was suggested, but not demonstrated directly,
in plants and is known as RNA-directed DNA methylation that the target genes had become silenced at the transcrip-
(RdDM) [11]. RdDM was first observed in tobacco plants tional level. The correlation between the inhibition of
carrying potato spindle tubor viroid (PSTVd) sequences transcription and DNA methylation of promoter se-
as transgenes. Replication of the PSTVd RNA resulted quences is well known, and it is believed that the inhibi-
in extensive methylation of the transgene DNA, but not tory effect is due to the promotion of localized changes in
of nonhomologous sequences elsewhere in the genome chromatin structure through the action of methyl-cytosine
[12, 13]. RdDM has since been demonstrated using viral binding proteins and histone deacetylases [19, 20].
RNA [14–17] and has also been demonstrated for a trans-
gene locus consisting of a transcribed inverted repeat [18].
It has been proposed previously that the trigger for meth-Since viroids and viruses replicate via double-stranded
ylation associated with transcriptional gene silencingintermediates and the inverted repeat transcript is capable
(TGS) is the DNA structure that may form at complexof stem-loop formation, there is a correlation in each of
loci due to DNA-DNA interactions [21–24]. However, thethe examples between the presence of double-stranded
recent evidence that TGS can be triggered by RNA chal-(ds) RNA and sequence-specific de novo methylation of
lenges this conventional view and suggests that, for somethe corresponding genomic region.
examples of TGS, DNA methylation may have been trig-
gered by RNA-DNA rather than DNA-DNA interactions.In two examples of RdDM, transgene silencing involved
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Figure 1If RdDM exists as a mechanism to induce epigenetic
change, then it may be expected that such changes would
be heritable. The aim of this work was to examine the
consequences of RNA-triggered epigenetic changes and
to assess the inheritance of these changes. We demon-
strate that RNA-directed TGS, but not posttranscriptional
gene silencing (PTGS), can be inherited independently
of the RNA trigger and that inheritance correlates with
maintenance of methylation. Using virus-induced gene
silencing (VIGS) technology, by which host sequences
carried in viral vectors inactivate the corresponding host
mRNA, we have silenced the Met1 methyltransferase and
show that inherited TGS and the associated methylation
is lost. However, silencing of Met1 affects neither methyla-
tion associated with maintenance of PTGS nor initiation
of RNA-directed methylation. These results indicate that
RdDM has a Met1-independent stage when the RNA
trigger is present, whereas, in the subsequent generations
and in the absence of the RNA trigger, maintenance of
the methylation is Met1-dependent.
Results
Tobacco rattle virus (TRV) can induce
posttranscriptional or transcriptional VIGS,
depending on the region targeted
In this study, Nicotiana benthamiana line 16c or 8a plants
carrying a single copy of a 35S-GFP transgene were in-
fected with tobacco rattle virus (TRV) modified to carry
the 39 359 nucleotides of GFP (TRV-P), 347 nucleotides
of the 35S promoter sequence (TRV-35S), or TRV car-
rying no additional insert (TRV-00). From 11 days postin-
TRV can induce PTGS and TGS of a 35S-GFP transgene. (a) Systemicoculation (DPI), systemic infection of TRV-P and TRV-
leaves of 35S-GFP plants that were infected with TRV-00, TRV-P,35S led to silencing of GFP (Figure 1a) manifested as or TRV-35S, as indicated. A nontransgenic (NT) mock-inoculated leaf
loss of green fluorescence. Plants infected with TRV-00 is shown as a comparison. Leaves were photographed at 14 DPI
under UV illumination and are representative of at least ten independentshowed no silencing of GFP. Northern blot analysis of
experiments. (b) GFP mRNA levels in TRV-00- (lanes 1 and 2),GFP mRNA levels confirmed the visible silencing pheno-
TRV-P- (lanes 3 and 4), and TRV-35S- (lanes 5 and 6) infectedtypes (Figure 1b). These observations are in agreement 35S-GFP plants at 14 DPI and mock-inoculated nontransgenic
with previous data using potato virus X (PVX) carrying plants (lanes 7 and 8). RNA extractions were performed in duplicate
from separate plants and analyzed with a probe specific for the 5935S or GFP sequences [15, 25]. However, using TRV
400 bp of GFP. Five micrograms of total RNA were run per lane. Theas a vector for virus-induced gene silencing (VIGS) has
ethidium bromide-stained rRNAs are shown in the lower panel. (c)advantages over the use of PVX because it spreads more Nuclear runoff transcriptional analysis of TRV-00- (lane 1), TRV-P-
extensively than PVX into the growing points of infected (lane 2), and TRV-35S-infected (lane 3) 35S-GFP plants and mock-
inoculated nontransgenic plants (lane 4). Nuclei were prepared fromplants [26].
systemic leaves at 21 DPI, and 33P-labeled nuclear RNA was used
to probe slot filters containing PCR-generated fragments of eitherAlthough we have established that silencing of GFP can
rubisco or GFP. Results are representative of three independent
be achieved by targeting either transcribed or nontran- experiments. (d) GFP fluorescence in leaves of plants inoculated with
scribed portions of the 35S-GFP transgene, we had not TMV-GFP photographed under UV illumination. Plants were as
described for (c), and results are typical of at least three independentdetermined whether the induced silencing was at the
experiments. Spots of GFP fluorescence correspond to foci of TMV-transcriptional or posttranscriptional level. To address this
GFP infection.
question, runoff transcription analyses were performed
with nuclei isolated from nontransgenic N. benthamiana
plants, 16c plants infected and silenced with TRV-P or
TRV-35S, or 16c plants infected with TRV-00. Figure 1c (lane 2) 16c plants. In nuclei of TRV-35S-infected plants
shows that the ratio of transcription of the GFP transgene (lane 3), very little GFP transcript is detected, and the
relative to that of the gene encoding the small subunit hybridization profile is similar to that of nontransgenic
of ribulose-1,5-bisphosphate carboxylase (rubisco) is simi- nuclei (lane 4). Thus, the reduced GFP mRNA accumula-
tion in TRV-P-infected plants is due to posttranscriptionallar in nuclei of TRV-00- (lane 1) and TRV-P-infected
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Figure 2gene silencing (PTGS), whereas for silencing induced by
TRV-35S, reduction of GFP mRNA is at the level of
transcription inhibition. These data were confirmed by
infecting the plants with tobacco mosaic virus modified
to express GFP (TMV-GFP) and by testing for RNA-
based defense against incoming GFP sequences. From
our previous work, we predicted that a GFP transgene
silenced at the posttranscriptional level would confer re-
sistance against TMV-GFP [27]. In contrast, a transgene
silenced at the transcriptional level would not confer resis-
tance. Figure 1d shows that TMV-GFP could accumulate
on 16c plants silenced with TRV-35S (panel 3) and on
control nonsilenced (panel 1) and nontransgenic plants
(panel 4). Plants silenced with TRV-P (panel 2) were
resistant to TMV-GFP, as predicted for tissue in which
PTGS of GFP sequences has been activated.
Virus-induced transcriptional, but not posttranscriptional,
gene silencing is inherited
To determine whether silencing induced by the RNA-
based mechanism of VIGS is heritable, we analyzed the
progeny of TRV-P- and TRV-35S-silenced plants. Seed
was collected from individual flowers that had been visu-
ally assessed for GFP silencing and also from control non-
silenced and nontransgenic plants. All of the progeny of
TRV-P-silenced plants were green fluorescent to the
same extent as progeny of TRV-00-infected plants, indi-
cating that the PTGS induced by TRV-P is not inherited
(Figure 2a). In contrast, the progeny of TRV-35S-silenced
plants were red fluorescent, indicating that RNA-induced
transcriptional silencing can be inherited (Figure 2a).
These progeny were termed S1 for silenced generation
RNA-triggered TGS is inherited. (a) Progeny of TRV-35S-, TRV-00-,1. Thus, even though silencing of the 35S-GFP transgene
and TRV-P-infected 35S-GFP transgenic plants. Progeny of a mock-
can be triggered by an RNA-based mechanism using ei- inoculated nontransgenic plant are shown as a comparison. Seed
ther TRV-P or TRV-35S, silencing is inherited differ- were collected from individual flowers, sown in single pots, and
photographed under UV illumination 1 week postgermination. Resultsently.
are typical of seed from at least ten individual flowers per treatment.
(b) Detection of TRV-35S and rubisco RNA by rtPCR in 13 S1 progeny
It is unlikely that inheritance of TRV-35S-induced silenc- (lanes 1–13) and a primary infected plant at 28 DPI (1). Lane 15
ing was due to seed transmission of the virus, because corresponds to a no-reverse transcriptase control reaction. The size
of the rubisco amplification product corresponds to the cDNArtPCR analysis on 13 representative progeny plants failed
sequence rather than to genomic DNA, indicating that cDNA synthesisto detect TRV (Figure 2b). As a positive control for TRV had occurred. Amplification of the TRV sequence was only observed
infection, RNA was extracted from tissue of a TRV-35S- in samples from primary infected plants. (c) GFP mRNA levels in
nonsilenced (NS, lanes 1 and 2) or TRV-35S-infected 16c plantsinfected plant at 28 DPI. Virus levels in this tissue are
(TRV-35S, lanes 3 and 4), S1 progeny that remained silenced (S1-S,low due to the natural process of recovery from TRV
lanes 5 and 6), S1 progeny that reverted to green fluorescenceinfection [26]. If TRV had been seed transmitted, we (S1-NS, lanes 7 and 8), S2 progeny that remained silenced (S2-S,
would expect virus levels equivalent or higher than those lanes 9 and 10), and S2 progeny that reverted to green fluorescence
(S2-NS, lanes 11, 12, and 13). RNA samples are from individual plants.of the 28 DPI infected tissue. Figure 2b indicates that
Five micrograms of total RNA were run per lane and analyzed withTRV-35S was not detectable in the S1 progeny plants
a 32P-labeled GFP specific probe. The ethidium bromide-stained rRNAs(lanes 1–13), whereas it was detected in the sample from are shown in the lower panel.
recovered tissue (lane 14). Amplification of rubisco cDNA
in all test samples confirmed that cDNA was present
in the samples used for rtPCR. Thus, we conclude that
inheritance of transcriptional gene silencing is not due to plants were red fluorescent. During the course of develop-
the presence of TRV-35S in the progeny. ment, approximately 30% of these S1 plants remained
fully silenced (termed S1-S), whereas the others (termed
S1-NS) reverted to producing nonsilenced, green fluores-The young S1 progeny seedlings of TRV-35S-infected
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cent leaves. The transition from silencing to nonsilencing DNA was digested with Sau96I, a methylation-sensitive
restriction enzyme that cuts within the 35S promoter andwas not associated with developmental sectors or sharp
boundaries. The progeny of S1 plants (termed S2) were the GFP sequence. Methylation at these Sau96I sites will
prevent digestion and therefore result in a higher levelalso assessed for GFP silencing. S1-S plants that main-
tained a fully silenced phenotype throughout develop- of amplifiable DNA compared to nonmethylated digested
samples. Quantitative PCR was performed on two controlment produced silenced S2 progeny. These S2 progeny
were identical to the S1 generation in that some remained sequences and on digested DNA using primer-probe com-
binations that spanned the Sau96I site in either the 35Sfully silenced, whereas others reverted to the nonsilenced
state. The S2 progeny of S1s that had reverted to green promoter or GFP coding region. One control sequence
did not contain Sau96I restriction sites and was used asfluorescence were likewise all green fluorescent. GFP
mRNA levels were analyzed in these progeny plants by a reference for quantification. The other control sequence
spanned a Sau96I site but was not related to the 35S-GFPNorthern blotting in order to confirm the visible pheno-
types. S1-S (Figure 2c, lanes 5 and 6) and S2-S (lanes 9 transgene. Amplification of this sequence in digested and
undigested samples was used to determine whether eachand 10) progeny had GFP mRNA levels similar to the
TRV-35S-infected parent plants (lanes 3 and 4). Progeny sample was digested to an equivalent extent.
plants that had reverted to green fluorescence (S1-NS
Table 1 illustrates the amount of amplifiable 35S or GFPand S2-NS) had high GFP mRNA levels (Figure 2c, lanes
DNA following Sau96I digestion in DNA samples pre-7, 8, 11, 12, and 13), similar to those of nonsilenced control
pared from TRV-00-infected nonsilenced tissue and TRV-plants (lanes 1 and 2).
35S- or TRV-P-infected silenced tissue. The amplification
values are obtained from the threshold cycle number (CT),To test the ability of a silenced 35S-GFP allele to trans- which is the cycle at which a significant increase in amplifi-
silence nonsilenced alleles, we carried out a series of cation is first detected. The CT value is inversely propor-crosses with silenced (S) and nonsilenced (NS) plants. tional to the amount of amplifiable starting material, and
TRV-35S-infected and -silenced 16c plants or silenced thus amplification values are derived from the inverse log
S1 progeny (S1-S) were crossed in a reciprocal manner of the CT value (Taqman PCR protocol, PE Applied Biosys-with nonsilenced 16c plants. The progeny of five S1-S 3 tems). In both leaves and pollen, the level of amplifiable
NS crosses were all nonsilenced (data not shown). How- DNA and therefore methylation in the 35S promoter of
ever, eight crosses using a primary infected plant as a TRV-35S-infected plants was z40–50 times greater than in
parent all produced both silenced and revertant nonsi- DNA from nonsilenced TRV-00-infected tissue or TRV-P-
lenced progeny (data not shown). The outcome was the infected tissue undergoing PTGS. GFP amplification, and
same irrespective of whether the infected plant was the hence methylation, was 23–70 times greater in samples from
male or female parent. Similarly, in crosses between TRV- TRV-P- infected tissue than in samples from TRV-00- or
35S-infected 16c or S1-S plants and a nonallelic 35S-GFP TRV-35S-infected tissue. A similar pattern of amplifica-
transgenic line 8a, the trans-silencing was only obtained tion/methylation was also observed for another methyla-
using a TRV-35S-infected plant as a parent (data not tion-sensitive restriction enzyme, MaeII (data not shown).
shown). These results indicate that trans-silencing re- Thus, sequence-specific RNA-directed methylation can
quires a factor that is present in the TRV-35S-infected be detected in both leaves and pollen of the 35S promoter
plants but absent in the S1 silenced progeny. in plants infected with TRV-35S. Likewise, methylation
of the GFP sequence can be detected in leaves and pollen
of TRV-P-infected plants.Inheritance of TGS is correlated with inheritance
of methylation
The data in Figures 1 and 2 established that TGS can be We then examined the methylation status of the 35S
induced by RNA and subsequently can be inherited inde- promoter and GFP sequences in the progeny of TRV-
pendently of this trigger. Since there is often a strong 35S- and TRV-P-infected plants to determine whether
correlation between methylation and TGS, we wished to methylation patterns detected in the primary infected
determine whether methylation could be responsible for plants are inherited. This analysis was performed using
the inheritance of RNA-triggered TGS. Initially, we ex- methylation-sensitive restriction enzyme digestion and
amined the methylation status of 35S and GFP sequences gel-blot hybridization. For the 35S promoter, the restric-
in DNA samples extracted from leaves and pollen of TRV- tion enzymes chosen were MaeII and HgaI, which have
35S- and TRV-P-infected plants. DNA samples were ana- a symmetrical cytosine configuration in their recognition
lyzed by restriction enzyme digestion followed by real time sequences, and Sau96I and XmnI, which contain cytosines
quantitative PCR (Taqman, Applied Biosystems). This in nonsymmetrical configurations.
method allows the entire PCR reaction to be monitored,
rather than just the end point, and therefore permits quanti- Figure 3a shows that in samples prepared from tissue
infected with TRV-35S (lanes 2, 5, 8, and 11), there werefication to be based on the early linear part of the reaction.
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Table 1
Detection of DNA methylation by restriction enzyme digestion and Taqman quantitative PCR.
35S amplification values 6 SD GFP amplification values 6 SD
Treatment Pollen Leaves Pollen Leaves
TRV-00 0.056 6 0.04 0.037 6 0.21 0.35 6 0.12 0.17 6 0.07
TRV-35S 2.51 6 0.92 1.97 6 0.68 0.36 6 0.21 0.3 6 0.05
TRV-P 0.076 6 0.19 0.042 6 0.004 8.43 6 4.5 11.95 6 2.1
DNA samples were prepared from leaves and pollen of either amplifiable starting material. Since cytosine methylation will inhibit
TRV-00-, TRV-35S-, or TRV-P-infected 16c plants, digested with Sau96I digestion, the higher the level of methylation, the higher
Sau96I, and analyzed by Taqman PCR with primers and probes the amplification value. Values are the average of at least three
spanning the Sau96I sites. Values represent levels of amplification independent experiments, and the standard deviation (6SD) is
obtained from the threshold cycle number, and there is a linear shown. Values have been quantitatively standardized and take into
relationship between the amplification value and the amount of account the level of digestion per sample.
35S-hybridizing fragments of higher molecular weight tions (compare lanes 2 and 5 with lanes 3 and 6), indicating
that symmetrical methylation patterns are inherited.than those found in nonsilenced samples (lanes 1, 4, 7,
and 10). These higher molecular weight bands can be
accounted for by cytosine methylation within the enzyme In contrast, the 35S hybridization profile obtained for S1-S
recognition sequences. For tissue prepared from S1 plants, plants using Sau96I and XmnI (Figure 3a, lanes 9 and
an identical hybridization pattern to that of the primary 12) was identical to that of nonsilenced plants (lanes 7
infected plants was observed for MaeII and HgaI diges- and 10). This observation suggests that the nonsymmetri-
cal type of methylation in the primary infected plants may
Figure 3 not be maintained in the next generation. Unfortunately,
attempts at bisulphite sequencing for a more comprehen-
sive methylation analysis proved to be unsuccessful, and
therefore our conclusions are based solely on the available
restriction enzyme sites.
Figure 3b shows that S1 progeny that did not maintain
TGS showed the nonsilenced 35S hybridization profile.
For TRV-P-infected plants, GFP-specific DNA methyla-
tion was only observed in the primary infected plants,
and neither symmetrical nor nonsymmetrical methylation
was passed to the progeny (data not shown). Thus, for
TGS, DNA methylation is inherited and correlates with
silencing. For PTGS, although GFP-specific DNA meth-
ylation was detected in the pollen of primary infected
plants, it is not present in the next generation.
VIGS of N. benthamiana Met1
To examine further the role of methylation in inheritance
of RNA-triggered TGS, we used virus-induced gene si-
lencing (VIGS) to suppress methyltransferase gene ex-
pression. The target methyltransferase was Met1, the en-
zyme that is thought to maintain methylation patternsInheritance of RNA-directed DNA methylation. (a) DNA gel-blot
analysis of samples from nonsilenced (NS; lanes 1, 4, 7, and 10), TRV- [28]. A 180 bp fragment of the N. benthamiana Met1 gene
35S-infected (18; lanes 2, 5, 8, and 11), and S1 progeny of TRV-35S- was generated by PCR using primers based on the tomato
infected 35S-GFP transgenic plants (S1; lanes 3, 6, 9, and 12) and Met1 sequence. This PCR fragment was cloned into the(b) DNA samples from nonsilenced (NS; lane 1), S1-NS progeny (S1-
TRV vector, and the construct was used to infect silencedNS; lane 2), and TRV-35S-infected (18; lane 3) plants. DNA samples
were digested with MaeII, HgaI, Sau96I, or XmnI as indicated. The S1-S progeny.
blot was probed with a probe that is specific for the 35S promoter.
Fragments that can be accounted for by cytosine methylation within
At 11 DPI, reversal of TGS (Figure 4a) was clearly ob-the enzyme recognition sequences are indicated by asterisks.
Results are representative of three independent experiments. served in TRV-Met1-infected plants. In silenced plants
infected with TRV-00, no reversal was observed. RNA
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Figure 4 Met1-infected plants (lanes 5, 7, and 9) than in red areas
(lanes 4, 6, and 8), thus confirming the visible phenotype.
DNA was extracted from TRV-00 and the green fluores-
cent areas of TRV-Met1-infected S1 plants, and restric-
tion enzyme digestion patterns of two sequences were
analyzed in order to determine whether VIGS of Met1
was affecting DNA methylation. The first sequence that
was analyzed was a repetitive element homologous to the
HRS60 family of repeats from N. tabacum [29]. In N.
tabacum, this element is present in tandem arrays in the
genome and is methylated. DNA was digested with
isoschizomers, MspI or HpaII, and subjected to DNA gel-
blot hybridization using the N. tabacum HRS60 mono-
meric repeat unit as a probe. For DNA samples from both
TRV-00 and green fluorescent TRV-MetI-infected tissue,
MspI digestion gave a ladder typical for tandemly ar-
ranged repetitive elements (Figure 4c, lanes 1 and 3). For
HpaII digestion, most of the HRS60 DNA from TRV-
00-infected plants was of a high molecular weight due to
cytosine methylation within the HpaII recognition se-
quence (Figure 4c, lane 2). However, for DNA prepared
from TRV-Met1-infected tissue, HpaII digestion gave a
ladder pattern similar to that obtained for MspI digestion
(Figure 4c, lane 4). Thus, TRV-Met1 infection causes
hypomethylation of the HRS60 repeat, presumably due
to VIGS of Met1. Methylation of the 35S promoter was
assessed by digestion with HgaI followed by DNA gel-
blot analysis. The 35S promoter that was used does not
carry an HpaII site. Figure 4d shows that the higher mo-
lecular weight bands present due to methylation of HgaI
recognition sites in the S1 plants (lane 6) are not present
in S1 plants undergoing VIGS of Met1 (lane 7). VIGS of
Met1 in S1 plants results in a 35S hybridization pattern
Reversal of TGS by VIGS of Met1 (a) Upper systemic leaves of identical to that observed in nonsilenced plants (lane 5).
transcriptionaly silenced S1-S 35S-GFP plants infected with either
TRV-00 or TRV-Met1 as indicated. Plants were photographed at 21
Infection of S1-S plants with TRV-Met1 did not resultDPI under UV illumination and are representative of at least 20
infected plants. (b) GFP mRNA levels in nonsilenced mock-inoculated in the complete reversion to the nonsilenced state (Figure
16c plants (NS; lane 1), TRV-00-infected S1-S TGS plants (TRV- 4a). In the areas that remained silenced, 35S DNA methyl-
00; lanes 2 and 3), red areas of TRV-Met1-infected S1-S TGS plants ation was as high as in TRV-00-infected plants, and the(lanes 4, 6, and 8), and green areas of TRV-Met1-infected S1-S
HRS60 repeat was hypermethylated (data not shown).TGS plants (lanes 5, 7, and 9). Five micrograms of total RNA were
run per lane and analyzed with a GFP-specific probe. Ethidium These observations indicate that VIGS of Met1 was not
bromide-stained rRNAs are shown in the lower panel. (c) DNA gel- active in these tissues, and it is likely, therefore, that the
blot analysis of TRV-00- (lanes 1 and 2) and TRV-Met1-infected
incomplete reversion to the nonsilenced state reflects the(lanes 3 and 4) S1-S plants. DNA samples were prepared at 21 DPI
extent of infection of TRV-Met1 rather than the persis-and digested with either MspI or HpaII. The blot was hybridized with
a probe that is specific for the HRS60 repeat. (d) DNA samples as tence of GFP silencing in the presence of VIGS of Met1.
for (c) and a sample from a nonsilenced (NS) 35S-GFP plant were In tissue in which VIGS of Met1 was active (as assessed
digested with HgaI and hybridized with a 35S promoter-specific probe.
by HRS60 hypomethylation), the 35S promoter was hypo-Fragments that can be accounted for by cytosine methylation within the
methylated and there was strong expression of GFP.enzyme recognition sequence are indicated by asterisks.
VIGS of Met1 does not affect methylation associated
with PTGS
The TRV-Met1 construct was also used to investigatewas extracted from green and red fluorescent areas of
whether Met1 has a role in maintaining patterns of meth-individual leaves, and levels of GFP mRNA was analyzed
ylation associated with PTGS of GFP. TRV-Met1 wasby Northern blotting. Figure 4b shows that levels of GFP
mRNA were higher in green fluorescent areas of TRV- inoculated to line 16c N. benthamiana plants in which
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Figure 5 metrical (CG and CNG) and nonsymmetrical configura-
tions to be analyzed, because guanine is adjacent to the
enzyme recognition site in some, but not all, of the sites.
Figure 5b shows that the GFP sequence remains as fully
methylated in tissue undergoing VIGS of Met1 (lanes 3
and 6) as it does in the TRV-00 control (lanes 2 and 5).
Thus VIGS of Met1 does not affect methylation associated
with systemic PTGS.
In another set of experiments, the role of Met1 in the
initiation of RdDM was addressed by coinoculating nonsi-
lenced 35S-GFP transgenic plants with PVX-35S or PVX-
P in combination with TRV-00 or TRV-Met1. We have
shown previously that PVX-35S and PVX-P can induce
silencing and RdDM of 35S-GFP transgenes [15], and
therefore we tested if VIGS of Met1 interferes with these
processes. After 20 DPI, silencing of GFP initiated by
PVX-35S or PVX-P was clearly visible in the newly emerg-
ing leaves. Analysis of the HRS60 repeat confirmed that,
as shown previously, infection of TRV-Met1 results in
hypomethylation of the repetitive elements (data not
shown). Methylation of 35S or GFP sequences was ana-
lyzed by Southern blotting. The 35S and GFP sequences
were found to be equally methylated in the presence of
TRV-Met1 or TRV-00, indicating that VIGS of Met1 does
not affect initiation of RNA-directed methylation (data
not shown).
PTGS-specific methylation is not affected by VIGS of Met1. (a) DNA
gel-blot analysis of the HRS60 repeat in DNA samples from Discussion
nonsilenced 16c plants (lanes 1 and 2) and from plants undergoing Met1 and RdDM
PTGS of the 35S-GFP transgene that had been infected with either
Our analysis with TRV-35S and TRV-P vectors indicatesTRV-00 (lanes 3 and 4) or TRV-Met1 (lanes 5 and 6). DNA samples
that RdDM involves two different mechanisms in thewere prepared at 21 DPI, and results are representative of three
independent experiments. DNA was digested with either MspI (M) or presence and absence of the RNA trigger. One of these
HpaII (H) as indicated. (b) DNA gel-blot analysis of the GFP coding mechanisms is manifested in the presence of the RNA
region in DNA samples as described for 9a) and from nonsilenced
trigger and is characterized by methylation of cytosines16c tissue (NS). DNAs were digested with either HaeIII or Sau96I
at symmetrical and nonsymmetrical configurations, as inas indicated and hybridized with a GFP-specific probe. DNA fragments
that can be accounted for by cytosine methylation are indicated by other examples of RdDM [12, 31]. We can infer that Met1
asterisks. is not required for this process, because VIGS of Met1 had
no affect on RdDM or the associated gene silencing with
PVX-35S or PVX-P. The second mechanism was mani-
fested in the progeny of TRV-35S-infected plants. DNA
systemic PTGS of GFP was established following local- methylation and silencing persisted in these plants
ized introduction of 35S-GFP T-DNA [30]. We have dem- through several generations (Figures 2 and 3 and data
onstrated previously that systemic PTGS of the GFP not shown). The inherited methylation was restricted to
transgene is associated with methylation [15]. After 20 cytosines in symmetrical contexts, and its maintenance
DPI, no reversal of PTGS was observed, and the plants was dependent on Met1 (Figure 4).
remained strongly red fluorescent (data not shown). DNA
samples were prepared, and methylation of the HRS60
repeat and GFP sequences was analyzed by Southern Our interpretation of these differences in sequence con-
text and Met1 dependency is that there are distinct meth-blotting. Figure 5a confirms that the HRS60 repeat is
hypomethylated in TRV-Met1-infected tissue. The en- yltransferases involved. One of these, active in the ab-
sence of the RNA trigger, is the product of Met1. However,zymes used for GFP analysis were HaeIII and Sau96I.
The HaeIII and Sau96I recognition sites are GGCC and in the presence of the RNA trigger, it seems likely that
an RNA-directed DNA methyltransferase is required.GGNCC, respectively, and allow cytosines in both sym-
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Several DNA methyltransferase sequences have been clearly different between the initially infected plants and
S1 progeny.identified in plants that may be candidates for an RNA-
directed DNA methyltransferase [32, 33]. Presumably,
Trans-silencingthe dsRNA trigger of RdDM or the 21–25 nt species that
A striking characteristic of TRV-35S-infected plants wasare processed from the dsRNA [34] are involved in this
the ability to silence and mediate RdDM of allelic andprocess. Indeed, it may be informative to assess RdDM
nonallelic sequences. This trans-silencing property wasin mutants that are defective in recognition and processing
exhibited in crosses in which the infected plants wereof dsRNA to address whether it is the dsRNA or 21–25
either parent but was not observed in the S1 and subse-nt RNAs that are directing methylation [35, 36]. These
quent generations in which 35S methylation was main-RNAs may affect the structure of homologous DNA so
tained in the absence of the RNA trigger. It has beenthat it becomes a substrate for a de novo methyltransfer-
suggested previously that trans-silencing occurs by tran-ase. Alternatively, the RNAs could associate with the
sient pairing of methylated and nonmethylated sequencesDNA methyltransferase and guide the enzyme to its target
and it is the complexity at the DNA level that is theDNA through base pairing interactions.
signal for de novo methylation [23]. We cannot rule out the
possibility that trans-silencing is related to the extensive
Maintenance of methylation symmetrical and nonsymmetrical cytosine methylation in
RdDM was not inherited when initiated by TRV-P, the infected plants. However, we consider this possibility
PVX-P, or PVX-35S or when triggered by transcription of unlikely because the ability to carry out trans-silencing is
associated with hallmarks of the RNA component of thean inverted repeat corresponding to the nos promoter [15,
silencing process. It seems more likely that the trans-18]. However, when RdDM was initiated by TRV-35S, it
silencing factor is an RNA.persisted through several generations. One explanation for
the difference between heritable and nonheritable RdDM
There are many reports of trans-methylation and silenc-may derive from the presence of the initiator RNA in the
ing, and the data presented here suggest that at least somemeristem. If the methylation imprint is not established in
of these are examples of RdDM. For example, in manymeristematic cells, then it will not be carried through to the
aspects, our results are reminiscent of the well-studiednext generation. It seems likely that this meristem factor
epialleles of the PAI gene family in Arabidopsis. Character-can account, at least in part, for the difference between
ization of epigenetic pai mutants demonstrated that anthe heritability of methylation induced by PVX-35S [15]
inverted PAI repeat is able to trigger methylation andand TRV-35S (Figures 2 and 3). TRV is able to access
silencing of unlinked homologous PAI sequences [37, 38].growing points and is known to induce silencing in these
Interestingly, transcription of the inverted repeat is re-tissues, whereas PVX does not [26].
quired for trans-silencing, suggesting that an RNA compo-
nent could be directing the methylation. Unlinked PAI
loci become methylated on both symmetrical and non-However, access to meristems cannot explain all aspects
symmetrical cytosines in the presence of the invertedof heritability, because TRV-P-induced methylation per-
repeat locus and, when the repeat is removed, methylationsisted in the pollen (Table 1) but was absent in the prog-
is maintained almost exclusively on symmetrical cyto-eny plants, whereas TRV-35S- induced methylation did
sines. Given the similarity between the observations madepersist (Table 1 and Figure 3). It is possible that the
for the pai epialleles and our data, it will be interestingprimary sequence, chromatin configuration, or transcrip-
to determine if an RNA surveillance mechanism is activetional activity of the methylated region account for the
against the pai inverted repeat and whether pai dsRNAobserved differences. Similar factors may explain why
or 21–25 nt small RNAs can be detected.inheritance of 35S methylation was not 100% stable in
the S1 and subsequent generations.
Other examples of silencing loci that are able to methylate
unlinked loci with which they share sequence homology
have been described. In some of these examples, theIt is unlikely that the RNA trigger that initiated RdDM
in the primary infected plant was also present in the S1 target locus does not lose methylation immediately after
segregation away from the silencing locus and as such canand S2 generations since the virus was not present and
there would have been no 35S RNA to maintain produc- maintain a heritable alteration in gene expression [39, 40].
In other examples, methylation is lost more rapidly [41].tion of 35S dsRNA or 21–25 nt RNAs. Further indications
that RNA mediators of silencing were absent include the Thus, these transgenic trans-silencing systems and the
properties of the 35S-GFP transgene in TRV-35S- andsusceptibility of S1 plants to reinfection with TRV-35S
and our findings that silencing in S1 plants is not graft TRV-P-infected plants resemble some naturally occurring
examples of paramutation in which there are silencer andtransmissible (L.J., unpublished data). Additionally, the
patterns of DNA methylation and Met1 dependency were target loci that are methylated [42]. Like silencer trans-
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genes, the paramutagenic loci are often repetitive loci, could also be used in a forward genetics approach to search
for genes involved in PTGS or TGS [55].and there is variable persistence of the methylation and
silencing of the target loci in the absence of the silencer
[38, 43–45]. However, as shown here, the distinction be- Materials and methods
tween heritable and nonheritable methylation is not nec- Plant material
essarily informative about the involvement of RdDM. Transgenic Nicotiana benthamiana lines 16c and 8a carrying single 35S-
GFP transgenes were described previously [25].
Since extensive nonsymmetrical cytosine methylation is Wild-type and recombinant viruses
associated with RdDM, it is tempting to use this as an TRV has a bipartite genome. The construction of infectious binary vector
clones of RNA1 (pTV00) and RNA2 (pBINTRA6) has been describedindicator of RNA-DNA interactions. However, as we have
previously [26]. TRV-P, TRV-35S, and TRV-Met1 were all constructeddemonstrated, in the absence of the RNA trigger, the
by inserting fragments into the SmaI site of pTV00. TRV-P carries a 321
nonsymmetrical methylation is lost. From this finding, we bp fragment corresponding to the 39 end of GFP [26]. TRV-35S carries a
infer that there may be other examples of RNA-initiated 347 bp Asp718-HindIII fragment of the 35S promoter from pJIT121. TRV-
Met1 carries a 180 bp fragment of the N. benthamiana Met1 gene thatsilencing in which the methylation of nonsymmetrical
was PCR amplified from N. benthamiana cDNA using primers 59-GGGcytosine residues is lost in the absence of the RNA trigger.
TTTTCTGGAATGAA-39 and 59-ACAAAATTCCTAACATTCTC-39. These
However, we do not consider that all examples of epimu- primers were based on the tomato Met1 sequence (accession number
tation can be attributed to RdDM. We consider, for exam- AJ002140), although recently, the N. tabacum sequence is available
(accession number AB030726) [56]. Sequencing of the PCR fragmentple, that DNA-DNA interactions are the most likely ex-
confirmed that it was the N. benthamiana Met1 homolog and it is 99%planation for the process of MIP (methylation induced
and 95% identical to the N. tabacum and tomato Met1 sequences, respec-
premeiotically) in Asocobolus, in which a correlation be- tively. To generate a TRV infection, Agrobacterium-mediated transient gene
tween silencing, methylation, and homologous recombi- expression of infectious constructs from the T-DNA of binary plasmids
pTV00 and pBINTRA6 was used as described previously [26].nation has been observed [46]. Furthermore, the epialleles
of AGAMOUS and SUPERMAN in Arabidopsis are heavily
PVX-P, PVX-35S, and TMV-GFP have been described previouslymethylated, and it is difficult to attribute an RNA trigger
[15, 57].for methylation in these examples [47, 48]. Both of these
genes are associated with pyrimidine-rich sequences that
Nuclear runoff transcription analysesmay form secondary structures that are particularly sus- Nuclei for runoff transcription analyses were isolated as described pre-
ceptible to methylation. viously [58]. Incorporation of uridine 59-33P-triphosphate was determined
by probing 1 mg of the appropriate denatured PCR fragment immobilized
onto Hybond N1 membranes (Amersham). Incorporation was assessed
using Fujix Bio-imaging analyzer Bas 1000 equipment (Fuji Photo Film).Methylation and PTGS
There are conflicting data concerning the role of DNA
DNA extraction and gel-blot analysismethylation in PTGS. In some examples, there is no
Genomic DNA was extracted from leaves and pollen using the DNeasycorrelation between PTGS and DNA methylation [52–
plant DNA extraction kit (Qiagen) according to manufacturer’s instruc-54]. However, in other systems, the correlation is strong tions. DNA gel-blot analysis was performed as described previously [14].
[14, 49–51]. In one of these examples, the PTGS and the 32P-labeled probes corresponded to the entire 812 bp of GFP, the 347
associated methylation of a GUS transgene were reversed bp Asp718-HindIII fragment of the 35S promoter, or the 182 bp HRS60
repeat of N. tabacum [29].in met1 mutant Arabidopsis plants [50]. With the examples
of induced PTGS described here, the situation is appar-
RNA extraction and gel-blot analysisently intermediate, because there is a strong association
Total RNA was extracted using Tri-reagent (Sigma) according to theof PTGS with transgene methylation, but from the VIGS
manufacturer’s instructions. RNA gel electrophoresis and gel-blot analy-
experiment, there is no requirement of Met1 for mainte- sis were performed as described previously [14].
nance of the methylation (Figure 5).
Methylation analysis by Taqman quantitative PCR
DNA was extracted from leaves and pollen using the DNeasy plant DNAFrom these observations, it seems that the association extraction kit (Qiagen). Pollen was collected from ten flowers for each
of DNA methylation and PTGS is preserved in Met1- extraction. Approximately 10 ng of genomic DNA was digested overnight
with Sau96 or MaeII in a total volume of 100 ml. Enzyme activity wasdependent and Met1-independent systems of mainte-
then terminated by heating at 658C for 15 min, and the samples werenance. In a Met1-dependent system, there is apparently
diluted 2-fold in distilled water. Control undigested samples were treateda causal relationship of transgene methylation and PTGS in the same way, but the enzymes were not included in the reaction.
[50]. It will be interesting to find out whether the same Quantitative PCR was performed using an ABI Prism 7700 sequence
detection system with 23 Taqman Universal PCR master mix (PE Appliedrelationship applies in Met1-independent systems of
Biosystems). The PCR reactions were performed in triplicate for eachPTGS. One approach to this question may be to use VIGS
sample. Real time amplification plots were used to determine the thresh-to suppress different DNA methyltransferases in order to
old cycle number (CT), which is the cycle at which a significant increase
determine which enzyme is responsible for RdDM and in amplification (as measured by release of the fluorescent dye from the
probe) is first detected (Taqman PCR protocol, PE Applied Biosystems).whether inhibiting such methylation affects PTGS. VIGS
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transgene silencing and DNA methylation. Mol Plant-MicrobeFor GFP amplification, the primer sequences were 59-CCTGTCCTTT
Interact 1999, 12:103-111.TACCAGACAACCA-39 and 59-CCCAGCAGCTGTTACAAACTCA-39,
17. Thomas CL, Jones L, Baulcombe DC, Maule AJ: Size constraintsand the probe sequence was 59-ACCTGTCCACACAATCTGCCCT
for targeting post-transcriptional gene silencing and forTTCG-39. For 35S amplification, the primer sequences were 59-GCC
RNA-directed methylation in Nicotiana benthamiana using a
GACAGTGGTCCCAAA-39 and 59-CCTTACGTCAGTGGAGATATCA potato virus X vector. Plant J 2001, 25:1-11.
CATC-39, and the probe sequence was 59-TCCAACACGTCTTCA 18. Mette MF, vanderWinden J, Matzke MA, Matzke AJM: Production
AAGCAAGTGGA-39. Each sample was quantitatively standardized by of aberrant promoter transcripts contributes to methylation
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